I. INTRODUCTION
The importance of structural determination in the dynamics of isolated molecules has been recently demonstrated for the case of pyridines and benzaldehyde. 1 The reactions were observed to proceed via "dark structures" elusive to spectroscopic methods. Determination of these structures is facilitated by ultrafast electron diffraction ͑UED͒ and permits the simultaneous elucidation of the photochemical and photophysical pathways. Here, we report the results of UED experiments performed on two ketones, acetophenone and benzaldehyde, which when excited into their S 2 ͑ * ͒ states follow different pathways. We determined the transient and product structures and their different time scales. The results explain the mechanism of bifurcation into physical and chemical pathways.
The aromatic carbonyl compounds benzaldehyde and acetophenone have been studied for decades owing to their intense phosphorescence responses to illumination by ultraviolet radiation. The combination of a phenyl ring and a carbonyl group in conjugation results in a manifold of close, low-lying n * and * excited states. The phosphorescence spectra of both molecules have been characterized in the vapor phase [2] [3] [4] and in matrices. 5, 6 High yields of phosphorescence upon excitation into their S 1 ͑ 1 n * ͒ states correspond to a very efficient coupling with the triplet manifold through the non-emitting "dark" T 2 ͑ 3 * ͒. 7 The emission originates from the T 1 ͑ 3 n * ͒ state, although line congestion observed in the vapor phase just above the T 1 origin is suggestive of the T 2 ͑ 3 * ͒ state lying within ϳ1000 cm −1 , 4,7-10 a placement also proposed by theoretical inquiries. [11] [12] [13] Both molecules have been observed to dissociate upon UV irradiation: benzaldehyde along a molecular dissociation pathway leading to closed-shell species, benzene and carbon monoxide, [14] [15] [16] [17] [18] [19] [20] [21] and acetophenone into radical products, benzoyl and methyl radicals. 16, [22] [23] [24] Minor radical production pathways have also been detected from benzaldehyde. 25, 26 In the condensed phase, photophysical studies of benzaldehyde 5 and acetophenone 6 ͑in matrices͒ and benzaldehyde derivatives 27 ͑in solution͒ indicate that the triplet ͑T 2 ͒ state becomes the lowest in energy and hence identifiable by its emission. The questions of significance are the following: Are the pathways consecutive in their dynamics? And, what is the nature of the structures involved and in which state do they exist, excited or ground state?
II. EXPERIMENT
These experiments were carried out in the apparatus at Caltech. 28 Some modifications were made in order to accommodate molecules with higher boiling points, such as aromatic carbonyls. Details will be reported in a forthcoming publication. Briefly, an ultrashort electron pulse and an initiating ultrashort optical pulse ͑266 nm͒ intersect with a continuous beam from a free expansion source in mutually perpendicular arrangement. The laser pulses are delayed in order to provide electron diffraction patterns at different times. Then, using the frame-referencing method, 29 we obtained the changing molecular structures and the time scales involved.
The nozzle temperature was maintained at 210°C for benzaldehyde and at 230°C for acetophenone to prevent condensation. Both samples were obtained from Aldrich and used without further purification. Data were recorded on a charge-coupled device ͑CCD͒ camera assembly, and structural refinement was conducted using our home-designed software with a non-linear least-squares algorithm.
III. RESULTS AND DISCUSSION
Two-dimensional diffraction patterns are radially averaged to obtain the data for structural refinement, the modified molecular scattering curves, sM͑s͒; see Ref. 29 rier transforming sM͑s͒ we obtained the radial distribution function f͑r͒, which gives the density of internuclear pairs as a function of distance. At negative times or when the laser excitation is turned off, the structure obtained is that of the ground state. In Fig. 1 we show the experimental f͑r͒ for benzaldehyde and acetophenone ground states together with the theory for the refined structures.
Refined bond distances and angles for benzaldehyde are within 0.02 Å and 1°, respectively, of the structure derived by a previous electron diffraction experiment. 30 For the phenyl structure we used a C 2v geometry, as did Hargittai and co-workers. 30 Our density functional theory ͑DFT͒ calculations at the B3LYP/ 6-311G͑d , p͒ level predict that the phenyl ring is almost C 2v symmetric with deviations between opposite-side bond distances ranging from 0.003 to 0.004 Å.
The carbonyl torsional angle was tested in preliminary fitting and found to remain planar. For the final refinement, the torsional angle was fixed at 0°keeping the entire carbonyl The experimental ͑filled symbols͒ and refined theoretical ͑solid line͒ of benzaldehyde ͑left͒ and acetophenone ͑right͒ in their ground states, together with the refined molecular structures. The vertical axis in each plot is the probability density of finding a distance between r and r + dr such that the area of an individual peak, heavily overlapped, is proportional to ͑Z i Z j / r ij ͒ for ith and jth nuclei.
moiety in the plane of the ring. From the results of the refined structures ͑Table I͒, we determine that the C-C bond distances range from 1.381 to 1.417 Å within the phenyl ring and 1.480 Å for the ring-carbonyl bond distance. In Fig.  1 the direct C-C bonds and nearest neighbor distances are prominent near 1.4 and 2.4 Å, respectively, and further cross-ring pairs are seen at distances greater than 3 Å.
The structure of isolated acetophenone has not been previously reported in the literature. Again, a C 2v geometry was used for the ring system. DFT predicts almost C 2v symmetry; deviations between opposite-side bond distances range from 0.001 to 0.005 Å. All refined distances and angles are within the error bars of theory, except for the methyl-carbonyl C-C distance. This bond ͑r = 1.548 Å͒ maintains a length 0.029 Å longer than that given by DFT. Aryl C-C bonds are 1.407, 1.401, and 1.380 Å at their primary, secondary, and tertiary positions ͑with respect to the carbonyl substituent͒. The ringcarbonyl single bond was found to be 1.488 Å and the C v O bond of the carbonyl 1.198 Å. We note that the absolute and relative peak heights in the f͑r͒ of acetophenone are different from benzaldehyde, and follow the increased density of C-C ͑direct bonds͒, C· ·C ͑nearest-neighbor͒, and C¯C ͑second-nearest-neighbor͒ distances. Refined structural parameters are provided in Table I .
In order to observe the structural dynamics, we followed the change of difference f͑r͒ as a function of time. Using frame-referencing to the ground state structure from negative time we obtained ⌬sM͑s ; t͒ and ⌬f͑r ; t͒. The ⌬f͑r ; t͒ data contain both negative contributions from the depletion of "old bonds" and positive contributions from the emergence of "new bonds." Figure 2 displays ⌬f͑r ; t͒ and the changes from t = −5 ps to + 5 ps and up to +1000 ps. The depletion of internuclear pairs ͑highlighted in dark gray͒ is clear at all distances, indicating a major fragmentation and rearrangement of the structure. When the emergence of new structures is significant ͑t = + 50 ps͒ ͑see Fig. 3͒ , we refined the product structures. Indeed, analysis of ⌬sM͑s ; t = + 50 ps͒ and ⌬f͑r ; t = + 50 ps͒ for benzaldehyde gives products of a quinoid structure as well as benzene and carbon monoxide. The refined theory is shown with the data at +50 ps in Fig. 3 .
In contrast, for acetophenone ͑Fig. 3͒, the refined structures at the same time after excitation are a triplet-state quinoid structure and products of fragmentation, the benzoyl and methyl radicals released by homolytic bond cleavage. The experimentally determined structures for both benzaldehyde and acetophenone reactions ͑see Table II͒, and angles. The truly * nature of the quinoidal structure is exemplified by unperturbed double and single bonds in the ring-unlike in the aromatic structure with its six nearlyequal bond distances. These changes are a clear consequence of the loss of aromaticity upon passage to the * excited state. Calculations in the literature 13 and our own indicate that T 1 is an n * state with excitation largely in the carbonyl group ͑a longer C v O bond being the only significant structural deviation from the ground state͒. Furthermore, calculations show that T 2 is * with the excitation causing an alternation of single and double bonds in the phenyl ring. Both structures were compared with the data and only the latter fit well. A thorough account of this will be contained in a forthcoming publication.
For benzaldehyde, data were taken at multiple timepoints up to 1 ns delay. The final product structures were compared to each of these data points in order to assess the time-dependent fractional contributions. From this information the rate constants for excited triplet formation and molecular dissociation were obtained to be 2.4ϫ 10 10 s −1 and 1.6ϫ 10 10 s −1 , respectively. Additionally, benzene formation is not seen to deplete the triplet population, confirming that both physical and chemical pathways occur via bifurcation from a single state. Owing to the Ͻ1 ps decay time of the initial S 2 state, known from photoelectron measurements, 31 the bifurcating state is likely the vibrationally-excited S 1 after internal conversion. The existence of S 1 ͑ 1 n * ͒, as well as 21 In the case of benzaldehyde, the formation of T 2 had stabilized at +50 ps while the molecular dissociation channel reached a steady state at +100 ps. With acetophenone the behavior is similar in that the T 2 population reaches steady state at +50 ps but the relative fraction of fragmentation channel increases at +100 ps. Thus, the bifurcation into photophysical and photochemical channels in acetophenone is similar to benzaldehyde, presumably also from the S 1 state. For benzaldehyde we established the nature of the temporal rise and measured a time constant of 42 ps for the tripletformation channel and 65 ps for the molecular dissociation channel; for acetophenone diffraction data were only obtained at three time points ͑−100, +50, and +100 ps͒.
Structural dynamics on the energy landscape for these prototypical aromatic carbonyls can now be pictured. Bifurcation into physical and chemical channels ͑see Fig. 4͒ results following excitation into the excited * ͑S 2 ͒ state and ultrafast internal conversion. 31 The physical channel in both benzaldehyde and acetophenone ultimately results in a triplet state whose structure is quinoid. The chemical channels are vastly different. In benzaldehyde a reaction leading to molecular, closed-shell dissociation products is observed, while in acetophenone radical products result. Analogy can be drawn between these two systems and two related carbonyls, the well-studied acetone and acetaldehyde. The ketone ͑ac-etone͒ dynamics show a Norrish type-I radical cleavage but with precursor nuclear motions and energy redistribution. 32 The aldehyde ͑acetaldehyde͒ may undergo radical cleavage or molecular dissociation to yield methane and carbon monoxide. 33 The difference in the chemistry stems from the relative ease by which the hydrogen may be captured by a nearby nuclear center during a large-amplitude wagging. Moreover, the internal conversion to the S 1 ͑ 1 n * ͒ state results in weakening of the ring-carbonyl C-C bond. Our calculations predict a transition state for the reaction with a hydrogen atom shared between two carbon centers.
Determination of the structures of excited states and transient reaction products is critical to the mechanism as discussed above. It is apparent that the nature of the landscape cannot be understood without resolving and examining the dark structures, and their radiationless transitions, involved in the multiple pathways of physical and chemical processes. The sensitivity and resolutions reached here promise other applications to systems of unique reactivity. 34 
